Identifying the genes regulated by the floral homeotic genes APETALA3 ( AP3 ) and PISTILLATA ( PI ) is crucial for understanding the molecular mechanisms that lead to petal and stamen formation. We have used microarray analysis to conduct a broad survey of genes whose expression is affected by AP3 and PI activity. DNA microarrays consisting of 9216 Arabidopsis ESTs were screened with probes corresponding to mRNAs from different mutant and transgenic lines that misexpress AP3 and/or PI . The microarray results were further confirmed by RNA gel blot analyses. Our results suggest that AP3 and PI regulate a relatively small number of genes, implying that many genes used in petal and stamen development are not tissue specific and likely have roles in other processes as well. We recovered genes similar to previously identified petal-and stamen-expressed genes as well as genes that were not implicated previously in petal and stamen development. A very low percentage of the genes recovered encoded transcription factors. This finding suggests that AP3 and PI act relatively directly to regulate the genes required for the basic cellular processes responsible for petal and stamen morphogenesis.
INTRODUCTION
Arabidopsis flowers are composed of four distinct organ types arranged in concentric whorls. Each of these organ types has a characteristic ontogeny and morphology. The sterile organs, or the perianth, consist of four sepals in the first or outer whorl and four petals in the second whorl. Sepals are leaf-like organs in which the abaxial surface contains many stomata interspersed among irregularly shaped epidermal cells. The petals have a simple laminar structure, and the petal blade is covered with specialized, domeshaped cells whose surface is finely ridged in a radial pattern. The two inner whorls contain the reproductive organs: the third whorl comprises six (four long and two short) stamens, and the fourth whorl consists of a gynoecium formed by two fused carpels. The stamens, the male reproductive organs, consist of a filament bearing an anther containing several differentiated tissues that are involved in producing and releasing the pollen. The gynoecium, the female reproductive structure, is composed of a basal ovary, in which the ovules develop, and a distal style capped by stigmatic papillae.
How do these distinct organ types develop from the morphologically homogeneous cells of the floral meristem? Genetic and molecular studies of floral homeotic mutants, in which one floral organ type is transformed into another, have led to the identification of several master regulatory genes that specify floral organ identity, known as the ABC genes (reviewed by Theissen and Saedler, 2001; Lohmann and Weigel, 2002) . These genes act in a combinatorial manner in overlapping domains to regulate the specification of organ identity in the flower. The activity of A-class genes leads to the formation of sepals in the first whorl, whereas the activity of A-class genes in conjunction with that of B-class genes promotes the formation of petals in the second whorl. Similarly, the combination of B-and C-class activity is required for stamen formation in the third whorl, whereas C-class genes specify carpel identity in the fourth whorl. More recently, additional functions have been shown to be required in combination with the ABC genes in the specification of petals, stamens, and carpels (Honma and Goto, 2001; Pelaz et al., 2001) . The organ identity genes all encode transcription factors and thus presumably do not act directly to specify morphological differences. Rather, it is likely that they regulate the expression of suites of subordinate genes that encode cellular functions required directly in differentiation processes. Identifying the genes regulated by these master transcription factors is crucial for understanding the molecular mechanisms that lead to organ-specific cell and tissue differentiation. APETALA3 ( AP3 ) and PISTILLATA ( PI ) genes together confer B-class function in Arabidopsis. Loss-of-function mutations in either of these genes result in the conversion of petals to sepals and stamens to carpeloid organs (Bowman et al., 1989; Hill and Lord, 1989; Jack et al., 1992) . Furthermore, in the presence of intact A and C function, their ectopic coexpression is sufficient to transform sepals to petals and carpels to stamens (Krizek and Meyerowitz, 1996a) . In accordance with their roles in specifying petal and stamen identity, AP3 and PI expression coincides largely with their functional domains and is maintained throughout petal and stamen development (Jack et al., 1992; Goto and Meyerowitz, 1994) . AP3 and PI encode MADS domain-containing transcription factors (Jack et al., 1992; Goto and Meyerowitz, 1994) . Their gene products form heterodimers that recognize and bind in vitro to a conserved DNA sequence, CC(A/T) 6 GG, called the CArG box (Schwarz-Sommer et al., 1992; Riechmann et al., 1996; Hill et al., 1998) .
Only a few genes have been shown to be regulated directly by the AP3/PI heterodimer. The expression of AP3 or PI is reduced in ap3 or pi mutant backgrounds, suggesting that they are required to maintain their own expression in a positive feedback loop (Jack et al., 1992; Goto and Meyerowitz, 1994) . In the case of AP3 , this autoregulation is direct, because the AP3 promoter can be activated by a steroid-inducible form of AP3 even in the presence of the protein synthesis inhibitor cycloheximide (Honma and Goto, 2001) . Furthermore, this activation is likely to be mediated by at least two CArG boxes in the AP3 promoter that are required for promoter function and are bound by AP3/PI heterodimers (Riechmann et al., 1996; Hill et al., 1998; Tilly et al., 1998) . However, PI autoregulation probably is indirect, because it requires de novo protein synthesis and PI regulatory sequences do not contain CArG boxes (Chen et al., 2000; Honma and Goto, 2000) . To date, other than AP3 , only the NAP ( NAC-LIKE, ACTIVATED BY AP3/PI ) gene has been shown to be a direct target of AP3/PI. NAP was identified in a differential display-based screen for genes expressed in the presence of cycloheximide in response to the activation of a steroid-inducible form of AP3 in the presence of PI protein (Sablowski and Meyerowitz, 1998) . NAP is expressed relatively late in floral development in the developing petals and stamens and is thought to play a role in the transition from the cell division to the cell expansion phase of growth of these organs (Sablowski and Meyerowitz, 1998) . SUPERMAN , a gene that is required to maintain the boundary between the third and fourth whorls of the flower, also has been postulated to be a target of AP3/PI action, because its expression is reduced in ap3 and pi mutants; however, direct regulation by AP3/PI has not been demonstrated (Sakai et al., 2000) .
A number of other candidate AP3/PI targets have been isolated using differential display-based screens to identify genes expressed predominantly in petals and stamens (Rubinelli et al., 1998; Irish, 1999; Kotilainen et al., 1999) . These studies yielded a relatively small number of genes that likely play a role in petal and stamen development. Two of these studies demonstrated reduced expression of candidate genes in an ap3 loss-of-function mutant (Rubinelli et al., 1998) or in a loss-of-function mutant of the Antirrhinum AP3 ortholog DEFICIENS (Nacken et al., 1991) , suggesting that their expression is regulated by the B-class genes. Based on sequence similarity to known genes, the putative function of several of the genes recovered in these studies was postulated. These genes encode proteins that are likely involved in cell wall formation (polygalacturonase, pectate lyase, and cell wall structural proteins) as well as a lipid transfer protein, ␤ -glucosidase, and a Leu-rich repeat protein (Nacken et al., 1991; Rubinelli et al., 1998) .
To conduct a broader survey for genes regulated by AP3/ PI that are involved in petal and stamen development, we took advantage of high-throughput DNA microarray technology. DNA microarray analysis allows the systematic monitoring of expression profiles of thousands of genes (Schena et al., 1995) . It has been used to study genes involved in developmental processes in animals (White et al., 1999; Reinke et al., 2000) , such as identifying potential downstream targets of a homeodomain transcription factor (Leemans et al., 2001) . In plants, increasing numbers of studies have applied DNA microarray technology to investigate the regulation of environmental responses and developmental processes. These genome-scale analyses have revealed the coordinated regulation of different metabolic pathways (Harmer et al., 2000; Schenk et al., 2000; Ma et al., 2001; Schaffer et al., 2001) . Furthermore, the ability to assess the regulation of expression of a large number of genes has allowed the identification of novel genes acting in a specific pathway Perez-Amador et al., 2001; Schaffer et al., 2001 ) and has suggested novel functions for previously characterized genes (Ruan et al., 1998; Chen et al., 2002) . In addition, such analyses have enabled the recovery of cis -acting DNA elements required for the regulation of specific patterns of gene expression (Girke et al., 2000; Harmer et al., 2000) .
In this study, we have compared the gene expression profiles of flowers from either mutant or transgenic lines that misexpress AP3/PI, resulting in altered petal and stamen development. In addition to identifying potential downstream targets of AP3/PI, our results provide new insights regarding the nature of the developmental pathways that underlie petal and stamen formation.
RESULTS

Brief Description of the Microarray and the Experimental Protocol
We used an Arabidopsis EST clone-based microarray to perform these studies ). This array contained 9216 Arabidopsis ESTs from all stages of the Arabidopsis life cycle spotted as two duplicate arrays on individual glass slides. These ESTs correspond to ‫ف‬ 6120 unique genes . Four microarray slides (eight replicates) were used to analyze the relative mRNA abundance of each sample. Two slides were probed with cDNA synthesized from one sample RNA labeled with Cy-3 and the other sample RNA labeled with Cy-5 deoxy-UTP, and the labeling was reversed in the other two slides. Two independent RNA preparations were made for each biological sample and used to prepare labeled probes. The hybridization signals from the eight replicate experiments were averaged and used for analysis. The cutoff for significant difference in expression between the sample pair was Ͼ 1.8. Although the commonly used threshold value is twofold (DeRisi et al., 1997; Wildsmith and Elcock, 2001) , several studies have shown that a lower cutoff ranging from 1.4 to 1.74 can be used reliably Perez-Amador et al., 2001; Yue et al., 2001) , particularly if the results are reproducible in seven or more replicates (Perez-Amador et al., 2001) . A BLAST (Basic Local Alignment Search Tool) search against the Arabidopsis genome sequence database identified the gene corresponding to each EST and also revealed multiple ESTs representing the same gene. In most cases, ESTs representing the same gene showed similar changes in expression, verifying the reproducibility of the microarray results.
Strategy to Identify Genes That Act Downstream of AP3/PI
The AP3 and PI proteins bind to DNA as an obligate heterodimer, so their activity requires the function of both proteins (Goto and Meyerowitz, 1994; Jack et al., 1994; McGonigle et al., 1996) . Therefore, loss of function of either of these genes results in a similar mutant phenotype (Figure 1 ) (Jack et al., 1992; Goto and Meyerowitz, 1994) . This finding suggests that the regulation of AP3 and PI downstream targets is affected similarly in both mutants. Hence, similar genes are expected to be recovered when comparing the expression profiles in either ap3 or pi mutants with those of their wild-type counterparts. ap3-3 and pi-1 are strong mutant alleles of AP3 and PI , respectively (Jack et al., 1992; Goto and Meyerowitz, 1994) . In both mutants, a single nucleotide change results in the conversion of an individual amino acid residue (Gln at amino acid 18 in ap3-3 and Trp at amino acid 80 in pi-1 ) to a stop codon, resulting in an early termination of the encoded protein.
To corroborate the results obtained from studying gene expression in the ap3/pi loss-of-function mutants, as well as to differentiate between AP3/PI downstream targets acting specifically in the formation of either petals or stamens, we also examined two transgenic lines that differentially affect the development of these organs. Plants of the genetic (Sablowski and Meyerowitz, 1998) . When the AP3 fusion protein, in this genetic background, is activated post-translationally by the application of the steroid dexamethasone, these plants produce flowers containing all petals (Figure 1) . Genes regulated by AP3/PI in petals should show opposite expression patterns in the AP3-GR line compared with the ap3 and pi mutants (i.e., such positively regulated genes should show increased expression in AP3-GR and reduced expression in ap3/pi ); conversely, negatively regulated genes should show a reduction of expression in AP3-GR and increased expression levels in ap3/pi .
We also examined the expression of ESTs in a second transgenic line, D6 :: DTA , in which flowers fail to produce petals but still produce stamens (Figure 1 ) (Hill et al., 1998) . D6 :: DTA plants express the diphtheria toxin A chain ( DTA ) gene under the control of a fragment of the AP3 promoter driving significant expression only in the second whorl of the flower. DTA gene expression results in cell ablation; thus, the second-whorl petals do not develop, whereas the rest of the flower develops almost normally, except for occasional loss of stamens (Hill et al., 1998) . In this line, the expression of genes regulated by AP3/PI specifically in petals should be similar to that in the pi-1 and ap3-3 loss-of-function mutants, because petals are lacking in both. On the other hand, genes showing an expression pattern similar in the wildtype and D6 :: DTA backgrounds, both of which have stamens, but having reduced expression in pi-1 , ap3-3 , and AP3-GR , all of which lack stamens, are likely to be genes regulated by AP3/PI specifically in stamens.
The mRNA levels of PI and AP3 themselves in the different genetic backgrounds were analyzed by gel blot analysis ( Figure 1F ). PI mRNA levels are almost undetectable in both ap3 and pi loss-of-function mutants, reflecting the autoregulation of PI expression by AP3/PI. Similarly, AP3 mRNA levels are reduced to background in ap3. However, AP3 expression is maintained in second-whorl organs of pi (Jack et al., 1992) ; thus, there is only a partial reduction in its mRNA level in this mutant background. Both AP3 and PI mRNA levels are increased highly in AP3-GR, because their ectopic expression is driven by the strong viral 35S promoter. The mRNA levels of both AP3 and PI are reduced significantly in D6::DTA, because these flowers lack petals, where these genes are normally highly expressed.
To be able to compare all of the mutant and transgenic lines, the microarray experiments were performed by comparing the gene expression profiles of each genotype with the wild type. Total RNA was extracted from flowers at all stages of development from each of the different genotypes and used to synthesize probes for the microarray experiments. The genes that showed significant changes in expression in the different lines compared with the wild type then were compared with each other, and eight different groups based on relative levels of expression were compiled. These data are shown in Table 1 These genes were grouped into categories based on different expression profiles. Group A consists of genes whose expression was reduced in pi-1 and ap3-3, increased in AP3-GR, and not altered significantly in D6::DTA compared with the wild type. These genes are likely to be positively regulated by AP3/PI in both petals and stamens. Group B includes genes whose expression was reduced in pi-1 and ap3-3 and increased in AP3-GR and D6::DTA. The observation that these genes are more highly expressed in D6::DTA likely reflects the fact that stamen RNA is a larger proportion of the florally derived RNAs in these transgenic lines than in the wild type; thus, this group presumably consists of genes that are upregulated in stamens (and positively regulated in petals) in response to AP3/PI action. Group C includes genes whose expression was reduced in pi-1 and ap3-3 as well as in D6::DTA but not in AP3-GR. Expression of these genes is reduced in all lines lacking petals, suggesting that these genes are positively regulated by AP3/PI specifically in petals. Group D is composed of genes that show lower levels of expression in pi-1, ap3-3, and AP3-GR but not in D6::DTA; thus, these genes are likely to be positively regulated by AP3/PI in stamens.
Three additional groups include genes that did not show significant changes in their expression in pi-1 and ap3-3 mutants. However, their expression was either increased (group E) or reduced (group F) in both AP3-GR and D6::DTA or increased in AP3-GR but reduced in D6::DTA (group G). The recovery of these groups of genes might reflect a bias in the collection of floral samples. The more noticeable phenotype of AP3-GR and D6::DTA at later stages of development might have led to a higher percentage of older flowers in these samples compared with the wild-type, pi-1, and ap3-3 samples. Thus, the genes in groups E, F, and G may represent genes that are regulated positively or negatively at later stages of petal and stamen development. In addition, genes in group G, whose expression is unchanged in pi-1 and ap3-3, increased in AP3-GR, and decreased in D6::DTA, might represent genes expressed in both petals and sepals. Thus, change in their mRNA abundance is apparent only when significantly more petals are produced (AP3-GR) or when the organs are missing completely (D6::DTA).
The final group, group H, consists of genes whose expression is reduced in pi-1 and ap3-3 but is not changed significantly in AP3-GR and D6::DTA relative to the wild type. In accordance with a possible bias in sampling, these genes likely represent AP3/PI-regulated genes that act early in petal and/or stamen development. Alternatively, this group might correspond to genes that are expressed weakly in petals and strongly in stamens. Thus, the lack of petals in D6::DTA does not significantly alter the mRNA levels of these genes compared with the wild type, whereas the large number of petals in AP3-GR compensates for the lack of stamens. The validity of these hypotheses can be tested by monitoring the precise spatial and temporal expression of these genes using in situ hybridization.
The Expression of a Relatively Small Number of Genes Is Altered in Response to Changes in AP3/PI Activity
In this study, 61 ESTs corresponding to 47 genes were recovered as genes likely to be regulated by AP3/PI in petal and/or stamen development. The array used contains ‫0216ف‬ unique genes, which represents ‫%52ف‬ of the genes in the Arabidopsis genome (Arabidopsis Genome Initiative, 2000) . Therefore, our results suggest that the expression of a relatively small number of genes, on the order of 200, is affected in response to changes in AP3/PI activity. In turn, this implies that many genes used in petal and stamen development are not tissue specific and are likely to have roles in other tissues as well.
Assessing the Microarray Results by RNA Gel Blot Analysis
To test the reliability of the microarray results, the expression patterns of 32 of 47 candidate genes were examined by RNA gel blot analysis using total RNA prepared from the same lines that were used for the microarray experiments (Figure 2 , left). The levels of the hybridization signals in the different samples were normalized relative to 18S RNA. For Ͼ90% of the genes, the differences in gene expression determined by RNA gel blot analysis correlated with the differences detected using microarrays, although values for the relative levels of mRNA abundance often were lower in the blot analysis (Figure 2, At5g57660; group E). In some of these cases, the hybridization signal overall was low, making it more difficult to accurately measure the signal over background (Figure 2 , At4g11320; group F). In all 32 cases, the genes recovered by microarray analysis were shown to be regulated by AP3/PI. However, the pattern of upregulation and downregulation occasionally was somewhat different in the blot analysis versus the microarray analysis. For example, according to the microarray results, the expression of At5g33370 (group G) is unchanged in pi-1 and ap3-3 compared with the wild type; however, by gel blot analysis, lower mRNA levels of this gene are detected in these mutants. Two genes (At1g74670 and At2g10940; group G) were identified that according to the microarray results showed no change in expression in pi-1 and ap-3, an increase in AP3-GR, and a reduction in D6::DTA. These genes actually showed a small increase in RNA levels in pi-1 and ap3-3 by RNA gel blot analysis, suggesting that in the wild type, these genes are downregulated specifically by AP3/PI in stamens.
In addition to comparing mRNA levels in flowers of the different genotypes used in the microarray studies against wild-type floral mRNA, the expression levels in different parts of the wild-type plant (roots, leaves, cauline leaves, inflorescence stems, and flowers) also were measured by RNA gel blot analysis (Figure 2, right) . All genes tested showed expression in flowers, and 11 of the 30 genes analyzed showed expression predominantly or exclusively in flowers, further supporting a role for these genes specifically in flower development. Overall, the RNA gel blot analysis confirmed the utility of our microarray-based strategy to identify genes whose expression is affected by AP3/PI activity. Possible roles for these genes are addressed below.
Stress-Related Genes
In groups A and B, which consist of genes putatively positively regulated by AP3/PI in both petals and stamens, several genes identified previously as stress-related genes were recovered. Both petal and stamen development can be divided into two main phases. The first phase involves cell division and differentiation, and the second phase is characterized by rapid growth of the organs predominantly through cell expansion (Goldberg et al., 1993; Pyke and Page, 1998; Irish, 1999) . The induction of stress-related genes during petal and stamen development possibly reflects a requirement for similar functions during rapid organ expansion.
COR47 (At1g20440; group B) and ERD10 (At1g20450; group B) are dehydrin-encoding genes. Dehydrin genes are induced by stresses such as low temperature, drought, salts, and treatment with abscisic acid (Rouse et al., 1996; Nylander et al., 2001 ). In addition, several Arabidopsis dehydrin genes show tissue and cell type specificity in unstressed plants, which suggests a possible function under nonstress conditions (Nylander et al., 2001 ). Metallothioneins are small heavy metal binding proteins that can be activated by certain metals as well as a variety of other stimuli, including abscisic acid treatment, heat shock, cold shock, wounding, viral infection, senescence, and salt stress (GarciaHernandez et al., 1998) . In Arabidopsis, three METALLOTHIO-NEIN gene families have been identified, MT1, MT2, and MT3, which exhibit characteristic temporal and tissue-specific expression patterns (Zhou and Goldsbrough, 1995; GarciaHernandez et al., 1998) . Our data suggest a change only in the expression of the MT1-like genes (At1g07600/At1g076100; group B) in response to changes in AP3/PI activity. Another gene (At1g32100; group A) encodes a putative pinoresinol-lariciresinol reductase (PLR). PLRs are enzymes involved in the synthesis of plant defense lignans and isoflavonoids, and PLRlike genes are induced by various stresses (Gang et al., 1999) . In addition to these more general stress-related genes, SE-NESCENCE-ASSOCIATED1 (SEN1; At4g35770; group B), a gene that has senescence-correlated expression in leaves (Oh , 1996) , also was recovered as positively regulated by AP3/PI in petals and stamens. The rapid growth of the petals and stamens also is likely to require increases in the rate of cellular metabolism. In accordance with this idea, several genes involved in amino acid metabolism were recovered in this study, such as Lys-ketoglutarate reductase (At4g33150; group A) and Gln-dependent Asn synthetase (At3g47340; group C). A gene that, according to our results, is putatively expressed early in petal and stamen development (At3g15450; group H) also is predicted to encode an Asn synthetase isoform. In addition, a gene (At4g04460; group C) putatively expressed in petals but not in stamens, as assessed by gel blot analysis, encodes a protein similar to Asp protease.
SEN1 and proteases are associated with senescence (Oh et al., 1996; Wagstaff et al., 2002) . The reduction in the expression of the genes that encode these proteins in pi-1 and ap3-3 loss-of-function mutants correlates with the delayed senescence observed in these infertile mutants (VivianSmith et al., 2001 ; our unpublished observation). An early and seminal feature of plant senescence is the deterioration of the membrane, involving the deesterification of membrane fatty acids mediated by lipases. Reduction of the levels of a senescence-induced lipase protein in transgenic Arabidopsis plants leads to delayed leaf senescence (Thompson et al., 2000) . Interestingly, two genes encoding a lipase (At5g45950; group C) and a putative protein with similarity to lipase (At5g33370; group G) were recovered among the genes putatively positively regulated in petals. However, these lipase-encoding genes are expressed exclusively in floral tissue (Figure 2 ), which implies a specific role in petals rather than a general role in senescence.
Cellular Signaling
Hydrolases, like lipases, also can play a role in cellular signaling, because lipids are involved in signal transduction pathways and a lipase-like gene has been shown to be important for salicylic acid signaling in plants (Jirage et al., 1999) . A gene putatively expressed early in petal and/or stamen development encodes a hydrolase-like protein (At2g32150; group H) similar to a ripening-related protein from grape (Grip21) (Davies and Robinson, 2000) . In addition to the hydrolase domain, the protein encoded by At2g32150 also contains a TIR domain, which is found in proteins such as the Drosophila melanogaster and human TOLL and Interleukin1 receptors as well as in some plant resistance gene products (van der Biezen and Jones, 1998). In these proteins, the TIR domain is involved in cellular signaling (van der Biezen and Jones, 1998). Two other genes that are likely to play a role in signaling cascades were identified as putative petal-expressed genes. One gene encodes an unknown protein that shows similarity to a receptor-like kinase (At3g11930; group C). The second gene encodes a protein with similarity to protein phosphatase (At1g25230; group C). Recent studies suggest roles for receptor-like The results are presented as averages of the ratio of signal between each mutant or transgenic line to the wild type in eight replicates ϮSD. Gene identifier numbers shown in boldface indicate EST sequences that showed 100% identity with the corresponding gene. Lightface type is used for genes that gave the highest Expect value in BLAST searches against genes from the Arabidopsis Genome Initiative but that did not show 100% identity with the corresponding EST. a According to the MIPS database or based on conserved motifs identified using NCBI Protein BLAST. b ND, not determined. Total RNA (20 g) extracted from flowers of the different genotypes used in this study or from different tissues of wild-type (WT) plants (R, roots; L, leaves; C, cauline leaves; S, inflorescence stems; and F, flowers) were used for gel blot analysis. Blots were hybridized with 32 P-labeled probes corresponding to the indicated genes and then rehybridized with a probe corresponding to 18S rRNA as a loading control. The values given under the blots are the ratio of signal in each mutant or transgenic lines to the wild type, normalized relative to the 18S rRNA signal. In cases in which probes from two ESTs corresponding to the same gene were used, the EST clone identifier is given in parentheses. Blots are arranged in groups corresponding to the divisions in Table 1. kinases and phosphatases in plant morphogenesis (Lease et al., 1998; Takahashi et al., 1998) .
Cell Wall-Associated Gene Products
Several genes that encode cell wall proteins and enzymes that modify cell wall components were recovered as being expressed differentially in the different mutant and transgenic lines. The cell wall has a profound effect on plant morphogenesis, both because its rigid structure constrains cell expansion and cell division and because, as increasing evidence suggests, the cell wall may be a direct source of factors that specify cell fate (reviewed by Fowler and Quatrano, 1997; Brownlee et al., 1998) . Two genes expressed specifically in stamens that encode putative cell wall-associated proteins were recovered. The anther development gene ATA20 (At3g15400; group D) was identified previously as stamen specific (Rubinelli et al., 1998) . It encodes a protein containing a Gly-rich region that is characteristic of one of the groups of cell wall proteins (Sachetto-Martins et al., 2000; Ringli et al., 2001 ). The second gene encodes an arabinogalactan protein, AGP6 (At5g14380; group D). AGPs are highly glycosylated Hyp-rich proteins that are found throughout the plant kingdom and are expressed mainly at cell surfaces, where they are thought to play important roles in plant growth and development (Majewska-Sawka and Nothnagel, 2000; Showalter, 2001) . We also recovered another gene encoding an AGP, AGP24 (At5g40730; group H), which appears to be expressed in early petal and/or stamen development. Three genes that appear to be expressed late in petal development encode putative cell wall proteins (At1g74670, At2g10940, and At1g12090; group G). In addition to these cell wall proteins, two genes that encode enzymes that modify xyloglucan, a major structural component of the plant cell wall (Campbell and Braam, 1999) , were recovered as petal-and stamen-expressed genes. One of these genes encodes an endoxyloglucan transferase (At4g30270; group H) commonly known as Meri-5 (Medford et al., 1991) , whereas the other gene encodes a xylosidase (At5g49360; group A).
Transcriptional Regulation
Most of the genes recovered in this study encode products that appear to play roles in basic cellular functions. Although several of the recovered genes encode proteins that could play a role in cellular signaling, only two genes encoding products that might function as transcription factors were identified. One of these genes appears to be expressed early in petal and stamen development and encodes an unknown protein (At2g37520; group H) that contains a PHD (plant homeodomain) finger that is present in one class of plant homeodomain proteins (Schindler et al., 1993) . The other gene encodes a CONSTANS-like protein (At5g57660; group E). The Arabidopsis CONSTANS gene accelerates flowering in response to long days, and its expression is modulated by the circadian clock and daylength (SuarezLopez et al., 2001) . CONSTANS and CONSTANS-like genes encode proteins with an N-terminal zinc finger, a B-box domain predicted to mediate protein-protein interactions, and a C-terminal domain containing a putative nuclear localization signal. Because they lack any evident DNA binding motifs, other DNA binding proteins may recruit such factors to promoters (Ledger et al., 2001; Samach and Gover, 2001 ). The extremely low recovery of transcription factors as targets of AP3/PI action might be the result of either the low representation of such factors on the arrays or the fact that the expression levels of such factors is below the limits of detection. The first possibility is unlikely, because these arrays are estimated to contain ESTs corresponding to 330 transcription factor-encoding genes (Ma et al., 2002) , representing ‫%02ف‬ of the transcription factors in the Arabidopsis genome (Riechmann and Ratcliffe, 2000) . To determine whether such genes escaped recovery because their expression levels are under the threshold of signal detection with the microarray protocol used in our experiments, we performed two control microarray analyses of known genes. First, we examined whether two known floral transcription factors represented on the array, APETALA1 (Mandel et al., 1992) and SEPALLATA3 (Mandel and Yanofsky, 1998; Pelaz et al., 2000) , showed detectable and significant changes in expression in comparisons of flower versus leaf tissue. These proteins showed greater than threefold increases in signal ratios in flowers versus leaves (3.000 Ϯ 1.489 and 3.257 Ϯ 0.668, respectively). We then examined the expression of 14 genes chosen at random that encode putative transcription factors on the arrays comparing the mutant and transgenic lines misexpressing AP3/PI (Table 2) . Reliable hybridization signals were obtained for all of the genes tested; however, there was no significant difference in the expression of these genes in the various genotypes. These results indicate that the expression of these genes can be detected easily using our protocol and suggest that any changes in the expression of genes encoding transcription factors would have been detected.
DISCUSSION
Identifying Downstream Targets of AP3/PI Using a Microarray-Based Strategy
More than a decade of research has led to significant progress in understanding the mechanisms of floral patterning, specifically the identification and characterization of the floral homeotic genes (for a recent review, see Lohmann and Weigel, 2002) . However, one of the main questions that remains largely unanswered is how the regulatory activity of the floral homeotic genes is translated into changes in cell division, cell shape, size, and differentiation underlying specific organ formation. A first step in addressing this question is to identify the genes that act downstream of these master regulatory genes. To date, though, only a few downstream targets of the floral homeotic genes have been identified.
In the present study, we used microarrays to conduct a broad survey for genes whose expression is affected by the activity of AP3/PI, which together specify petal and stamen identity. We further tested the microarray results for most of the candidate genes by RNA gel blot analysis. For all of the genes tested, RNA gel blot analysis confirmed that their RNA levels were changed in response to changes in AP3/PI activity. However, in some cases, the pattern of RNA levels detected by gel blot analysis in the different genotypes used in our study did not accurately follow the pattern detected using microarray analysis. The incomplete correlation between the microarray and the RNA gel blot analysis results emphasizes the importance of comparing the gene expression profiles of several populations and the need to validate microarray results by other methods.
Using microarray analyses, we identified 47 genes that display differential expression in the various lines with altered AP3/PI activity versus the wild type, and we estimate that the number of genes presumably regulated by AP3/PI activity is on the order of 200. This relatively small number of differentially expressed genes suggests that, to a large extent, similar suites of genes are used in other developmental processes. Because the arrays used in this study represent an EST population obtained from all stages of Arabidopsis development, it is likely that floral tissues are underrepresented. As a result, we likely underestimated the number of genes required specifically in petal and stamen development. Nonetheless, many of the genes identified in our study have putative functions similar to those of previously identified petal-and/or stamen-expressed genes (see below). Although many of the genes have the expected characteristics of AP3/PI-regulated genes, others have been implicated previously in seemingly unrelated processes.
Many of the Genes Recovered May Play a Role in the Rapid-Growth Phase of Petals and Stamens
A prominent feature in both petal and stamen development is a phase of rapid organ growth, mainly through cell expansion (Goldberg et al., 1993; Pyke and Page, 1998; Irish, 1999) . Many of the genes recovered in our study have functions that could be required for this rapid cell expansion.
In plants, cell expansion is dependent largely on changes in the cell wall. Thus, it is very likely that the expression of genes that encode proteins involved in the structure of the cell wall will be regulated during petal and stamen development. In our study, we identified several genes that encode proteins that modify cell wall components or that are likely to be cell wall proteins. One of these genes, which appears to be expressed late in petal development, is a GAST-1-like gene. Genes that encode proteins with high similarity to GAST-1 appear to play a specific role in corolla cell elongation (Shi et al., 1992; Ben-Nissan and Weiss, 1996; Kotilainen et al., 1999) . Screens for stamen-and pollen-expressed genes also have yielded many cell wall-associated genes, including polygalacturonases, pectate lyases, and Gly-rich proteins (McCormick et al., 1987; Wing et al., 1989; Brown and Crouch, 1990; Nacken et al., 1991; Chen et al., 1994; Rubinelli et al., 1998) . However, several of these genes probably have a specific function in pollen development or pollen tube growth.
Rapid cell expansion likely requires the acceleration of basic metabolic processes. In agreement with such a requirement, we recovered several genes that encode pro- The results are presented as averages of the ratio of signal between each mutant or transgenic line to the wild type in eight replicates ϮSD. a According to the MIPS database.
teins involved in amino acid metabolism. Among these genes is a gene that encodes Lys-ketoglutarate, which was shown previously in Arabidopsis to have much higher expression levels in flowers than in vegetative tissue (Tang et al., 1997) . Furthermore, a gene that encodes 5-enolypyruvylshikimate-3-phosphate, which catalyzes a step in the biosynthesis of aromatic amino acids, was shown to have a very high level of expression in petunia petals concomitant with the cell expansion phase (Benfey and Chua, 1989) . One of the surprising findings of our study was the recovery of several classes of stress-related genes that were positively regulated in petals and stamens. Upregulation of these genes in the transgenic lines used here might be a bona fide stress response. However, the reduced expression of these genes in ap3 and pi loss-of-function mutants suggests that they play an intrinsic role in petal and stamen development. Because stress conditions require a rapid cellular response, we speculate that similar gene functions might be required in processes that lead to rapid cell division and expansion in normal developmental pathways. Other studies also indicate possible roles for similar stressand defense-related genes in development. In animals, the programmed expression of metallothioneins during development and their response to endogenous factors such as hormones and growth factors has suggested a possible role in cellular regulation (Robinson et al., 1993) . Also, there is evidence for the regulation of transcription factor activity by metallothioneins with high affinity for Zn 2ϩ (Robinson et al., 1993) . In plants, different metallothioneins have distinct temporal and tissue-specific expression patterns (GarciaHernandez et al., 1998) . Possible roles for these gene products in plant development also are suggested by the high expression of metallothioneins in the fruit of strawberry and grape (Nam et al., 1999; Davies and Robinson, 2000) and in the early stages of embryogenesis in wheat, soon after the onset of rapid cell division and differentiation (Kawashima et al., 1992) . Similarly, dehydrins have been shown to display tissue-and cell type-specific expression in unstressed Arabidopsis plants (Nylander et al., 2001) and show enhanced expression during fruit ripening in strawberry (Nam et al., 1999) . A function for defense response genes in normal flower development was suggested after the detection of developmentally regulated expression of pathogenesis-related genes in tobacco flowers (Lotan et al., 1989) .
Genes That Encode Proteins Involved in Cellular Signaling Are Likely Candidates for AP3/PI Downstream Targets
AP3 has been shown to act in a non-cell-autonomous manner to regulate various aspects of petal and stamen development (Jenik and Irish, 2001 ). These nonautonomous effects of AP3 are not attributable to AP3 protein movement, implying that downstream targets of AP3 are required to mediate these intercellular interactions (Jenik and Irish, 2001 ). Therefore, the identification of genes encoding proteins that play a role in signaling cascades, specifically those that have been implicated in cell-cell interactions, is a strong expectation from our study. Indeed, we identified several classes of genes that might perform such functions.
In our study, we recovered a gene that encodes a protein similar to receptor-like kinase and a gene that encodes a putative phosphatase. Genes that encode proteins similar to receptor-like kinases and phosphatases are good candidates to function in these signaling pathways, particularly because similar gene products have been implicated in the regulation of morphogenesis. The best characterized receptor-like kinase is CLAVATA1, which is required to maintain the proper balance of cell proliferation and differentiation in the shoot and floral meristems (Clark et al., 1997) . Other receptor-like kinases that are involved in morphogenesis include the Arabidopsis BRl1 and ERECTA gene products as well as the maize CRINKLY4 gene product and its homolog ACR4 in Arabidopsis (Becraft et al., 1996; Torii et al., 1996; Li and Chory, 1997; Tanaka et al., 2002) . Studies of the CLAVATA1 signaling pathway have suggested a role for a protein phosphatase in the negative regulation of CLA-VATA1 (Williams et al., 1997; Stone et al., 1998) . A possible role for phosphatases in floral development is suggested by the finding that the carpel-specific protein VSP1, which has phosphatase activity, interacts in vitro with AGAMOUS, a MADS box protein that specifies stamen and carpel identity in Arabidopsis (Gamboa et al., 2001) .
Another class of cell surface macromolecules that play multiple roles in plant development are the arabinogalactan proteins (AGPs) (Majewska-Sawka and Nothnagel, 2000; Gaspar et al., 2001; Showalter, 2001) . The localization of AGPs on the plasmalemma, bound to the cell wall or soluble in the cell wall space, and their complex molecular structure could serve in signaling to neighbor cells (Majewska-Sawka and Nothnagel, 2000) . We recovered two genes that encode arabinogalactan proteins that belong to two different subfamilies. AGP6 belongs to the "classic" AGPs, whereas AGP24 is an "AG peptide" (Borner et al., 2002) .
The Low Percentage of Transcription Factors Recovered Suggests That AP3/PI Act Relatively Directly in Regulating Downstream Targets
A key question regarding the function of homeotic genes is whether they effect their function by regulating the onset of a gene activity cascade or, alternatively, by directly controlling a large subset of genes involved in the different processes required for organ formation. To date, the best studied group of homeotic genes are the Drosophila Hox genes. Among the Hox gene downstream targets, more than half of the identified genes encode other transcription factors and proteins involved in cellular signaling (Graba et al., 1997; Leemans et al., 2001) . These findings suggest that many other intermediary regulators delegate many of the aspects of Hox gene regulation. By contrast, among the genes we recovered whose expression is affected by AP3/PI activity, only two genes encode putative transcription factors. This finding suggests that AP3/PI act fairly directly in regulating the basic cellular functions required for morphogenesis.
Studies using ap3/pi temperature-sensitive mutants or unstable transposon insertion lines demonstrated that the expression of AP3/PI (or their orthologs in Antirrhinum) is required throughout petal and stamen development (Bowman et al., 1989; Carpenter and Coen, 1990; Zachgo et al., 1995) . Furthermore, the NAP gene, which is a direct target of AP3/ PI, is expressed at late stages of petal and stamen development (Sablowski and Meyerowitz, 1998) . These observations are consistent with the idea that AP3/PI must function throughout floral development and likely regulate many different suites of downstream genes, although this does not exclude the possibility that AP3/PI directly regulate only a small set of genes. Distinguishing between these possibilities will require the identification of the direct targets of AP3/PI.
The AP3 and PI genes encode MADS domain-containing proteins, and like other MADS domain proteins, they recognize and bind to a DNA motif known as the CArG box (Shore and Sharrocks, 1995) . To try to identify possible direct targets of AP3/PI from the genes recovered in our study, we searched for the presence of a CArG box sequence in the upstream region of the candidate genes. Twenty-eight of 47 genes had at least one CArG box-like sequence in the 1-kb region upstream of the first ATG (data not shown). However, the significance of the presence of a CArG box-like motif is questionable. The presence of a CArG box does not necessarily imply the binding of a particular factor, because different MADS proteins are capable of binding to the same CArG box DNA binding sites; conversely, MADS domain proteins have been shown to bind to non-CArG box sequences in vitro (Riechmann et al., 1996; Hill et al., 1998) . In addition, swapping the DNA binding domains of different MADS proteins does not affect their function in vivo (Krizek and Meyerowitz, 1996b; Riechmann and Meyerowitz, 1997) . Therefore, the presence of a CArG box in a regulatory sequence does not necessarily indicate that such a gene is regulated directly by a particular MADS domain-containing transcription factor.
The multiple genes that we have identified as differentially regulated by AP3/PI have been implicated in a wide range of basic cellular processes. Identifying those genes that are direct targets of AP3/PI will be valuable in defining the regulatory cascades controlled by these master floral homeotic regulatory gene products.
METHODS
Plant Material
Arabidopsis thaliana plants of the ecotype Landsberg erecta were grown on a 12:3:1 mix of vermiculite:soil:sand at 22ЊC under 16-h-light/ 8-h-dark conditions. All of the mutant lines (pi-1 and ap3-3) and transgenic lines (D6:: 35S::PI; ) are in the Landsberg erecta background (Bowman et al., 1989; Hill et al., 1998; Sablowski and Meyerowitz, 1998) . The AP3-GR line was a gift from Robert W.M. Sablowski (John Innes Centre, Norwich, UK) (Sablowski and Meyerowitz, 1998) . Starting at 7 days after planting, AP3-GR plants were watered every 2 days with 5 M dexamethasone dissolved in ethanol.
Microscopy
Flowers were fixed in 3.7% formaldehyde, 50% ethanol, and 5% acetic acid for 8 h and dehydrated in a graded ethanol series. Dehydrated flowers were critical point dried in liquid CO 2 and sputtercoated with gold palladium. Specimens were analyzed and photographed with an ISI SS40 scanning electron microscope (ISI Systems, Santa Barbara, CA).
RNA Preparation and Fluorescent Labeling of Probe
Total RNA was extracted from plant tissue using Trizol (Gibco BRL) according to the manufacturer's instructions. The RNA was labeled by direct incorporation of fluorescent deoxy-UTP or by labeling with aminoallyl deoxy-UTP followed by conjugation of fluorescent dye. Cy-3-or Cy-5-conjugated deoxy-UTP (Amersham Pharmacia Biotech, Piscataway, NJ) or 5-(3-aminoallyl)-2-deoxy-UTP (Sigma, St. Louis, MO) was incorporated into the cDNA probe during reverse transcription as follows: 50 g (for direct labeling) or 25 g (for aminoallyl labeling) of total RNA was combined with 4 g of anchored oligo(dT) 19-mer and 5 g of random hexamers, heated to 65ЊC for 5 min, and then cooled on ice. To this mixture, the remaining components were added to obtain the following reaction mixture in a total volume of 42 L: 1 ϫ Superscript II reverse transcriptase buffer (Invitrogen, Carlsbad, CA), 2 L of Superscript II reverse transcriptase, 1 L of RNaseOUT (Invitrogen), 100 M Cy-3 or Cy-5 deoxy-UTP, 500 M each deoxy-ATP, deoxy-CTP, and deoxy-GTP, and 200 M deoxy-thymine triphosphate. After a 60-min incubation at 42ЊC, another 2 L of Superscript II reverse transcriptase was added to the mixture and incubated at 42ЊC for another 120 min.
The reaction was stopped by adding 5 L of 0.5 M EDTA and incubating at 94ЊC for 3 min, and RNA was hydrolyzed by adding 10 L of 1 M NaOH and incubating at 65ЊC for 20 min. The cDNA was cleaned by one phenol/chloroform extraction. The labeled cDNA then was purified from the unincorporated dye molecules by spinning through a Microcon YM-30 filter (Millipore, Bedford, MA). The labeled cDNA was purified from the unincorporated dye molecules by adding 400 L of water and spinning through a Microcon YM-30 filter for 7 min at 11,000g, after which it was washed again two times. The purified, labeled probe was concentrated to a final volume of 7 L. For aminoallyl labeling, an additional conjugation step was added. One vial (0.2 to 0.3 mg of dye) of Cy-3 or Cy-5 dye (Amersham Pharmacia Biotech) was resuspended in 10 L of DMSO, and 1.25 L was added to the concentrated probe. After a 90-min incubation at room temperature in the dark, the reaction was stopped by adding 4.5 L of 4 M hydroxylamine (Sigma) and incubating at room temperature for 15 min. The labeled cDNA was purified from the unincorporated dye molecules by spinning through a Microcon YM-30 filter and concentrated to a final volume of 7 L.
Hybridization to the Microarray, Washing, and Scanning
The Arabidopsis EST 9.2K array was produced at the W.M. Keck Biotechnology Resource Laboratory, DNA Microarray Resource (Yale University School of Medicine, New Haven, CT) . For hybridization to the Arabidopsis array, the labeled probe was combined with 1 L of 20ϫ SSPE (1ϫ SSPE is 0.115 M NaCl, 10 mM sodium phosphate, and 1 mM EDTA, pH 7.4), 1 L of blocking solution (2 mg/mL poly[dA] and 4 mg/mL tRNA), and 16 L of hybridization solution (62.8% formamide, 0.8% SDS, 4ϫ Denhardt's solution [1ϫ Denhardt's solution is 0.02% Ficoll, 0.02% polyvinylpyrrolidone, and 0.02% BSA], and 5ϫ SSPE) to a final volume of 25 L. This mixture was incubated at 90ЊC for 2 min, cooled on ice, applied to the prehybridized microarray, covered with a cover slip, and incubated in a GeneMachines hybridization chamber (San Carlos, CA) at 42ЊC (air or water bath) for 16 to 20 h. After incubation, the array was washed with 2ϫ SSC [1ϫ SSC is 0.15 M NaCl and 0.015 M sodium citrate] and 0.1% SDS, 0.2ϫ SSC and 0.1% SDS, 0.2ϫ SSC, and 0.02ϫ SSC for 10 min each at room temperature. After washing, the slides were dried by spinning at 1000g for 5 min.
Hybridized microarray slides were scanned at 532-nm (Cy3) and 635-nm (Cy5) wavelengths with an Axon GenePix 4000A scanner (Foster City, CA) at 10-nm resolution, generating two separate TIFF images. Photomultiplier tube voltages were adjusted manually to minimize background and reduce the percentage of spots on the array with saturated signal values. The normalization of the two channels with respect to signal intensity also was achieved by adjusting the photomultiplier tube voltage settings. We chose photomultiplier tube voltages that resulted in a Cy3:Cy5 signal ratio for the majority of control genes as close to 1.0 as possible.
Data Analysis
Spot intensities were quantified using Axon GenePix Pro 3 imageanalysis software. The channel ratios were measured using the GenePix Pro 3 median-of-ratio method, and they were normalized using the corresponding GenePix default normalization factor. To merge the replicated GenePix Pro 3 output data files (.gpr files), the GPMERGE computer program ) was used. With this program, eight replicated data sets from each experiment were pooled. A number of quality control procedures were conducted before data points from the eight replicates were averaged. First, all spots flagged Bad or Not Found by GenePix software were removed from the final data analysis. Second, GPMERGE contains an outliersearching algorithm that defined as outliers and eliminated from the analysis those spots that exhibited a large difference between the ratio mean and the ratio median. ESTs corresponding to specific spots, which were analyzed further, were sequenced to confirm their identity.
RNA Gel Blot Hybridization
RNA (20 g of total RNA per sample) was separated by electrophoresis on 1.2% agarose gels containing 6% formaldehyde and blotted onto nylon membranes (Hybond-N; Amersham Pharmacia Biotech). DNA probes were labeled with ␣-32 P-dCTP by the random primer method (Feinberg and Vogelstein, 1983) . EST-specific cDNAs were derived from the corresponding EST clones, which were obtained from the ABRC (Columbus, OH). PI and AP3 full-length cDNAs were derived from the plasmids pSPI (McGonigle et al., 1996) and pIa (Irish and Yamamoto, 1995) , respectively. The RNA gel blots were hybridized using the indicated 32 P-labeled probes. For loading controls, RNA gel blots were hybridized with a 32 P-labeled cDNA probe corresponding to 18S rRNA. Hybridizations were performed at 60ЊC in a solution containing 5ϫ SSPE, 2% SDS, and 100 g/mL herring sperm DNA. After hybridization, membranes were washed once with 2ϫ SSC and 0.1% SDS for 20 min at room temperature, then twice with 1ϫ SSC and 0.1% SDS for 15 min at 65ЊC, and then a final wash with 0.1ϫ SSC and 0.1% SDS for 15 min at 65ЊC. Blots were stripped between hybridizations with boiled 0.5% SDS followed by a 20-min incubation at room temperature. Quantification of hybridization signals was performed using NIH Image software (http://rsb. info.nih.gov/nih-image).
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